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Sarcomere length influences p-calpain-mediated proteolysis
of bovine myofibrils

A. D. Weaver,*' B. C. Bowker,} and D. E. Gerrard*?

*Department of Animal Sciences, Purdue University, West Lafayette, IN 47907;
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ABSTRACT: Muscle shortening and postmortem
proteolysis both influence beef tenderness, but their in-
teracting effects on tenderness are relatively unknown.
Inherent myofibril structure and the extent of overlap
between myosin and actin filaments are hypothesized to
affect the availability of substrates for degradation by
calpains. The objective of this study was to determine
the influence of sarcomere length on the extent of cal-
pain-induced proteolysis of bovine myofibrils in vitro.
Bovine semitendinosus muscles were excised within 20
min postmortem and dissected into strips, which were
stretched and attached to applicator sticks or allowed
slack to generate samples with different sarcomere
lengths upon rigor completion. Samples were allowed to
undergo rigor in a neutral pH buffer containing a pro-
tease inhibitor. Myofibrils were isolated and incubated
at room temperature with excess exogenous p-calpain
at a ratio of 1:800 (wt/wt; enzyme:myofibrillar protein)
at pH 6.8 for 0, 2, 60, 1,440, or 2,880 min. Purified tro-
ponin was subjected to the same digestion conditions.

Proteolysis of troponin T (TnT) was monitored using
SDS-PAGE and Western blotting. Sarcomere length
was greater (P < 0.0001) in stretched versus shortened
samples (2.99 pm £ 0.03 vs. 2.12 + 0.03 pm, respec-
tively, means + SE). Western blots for both stretched
and shortened samples exhibited bands corresponding
to intact TnT and TnT fragments. The abundance of
intact TnT decreased (P < 0.0001) with incubation
time across both treatments. At 1,440 and 2,880 min,
less (P < 0.05) intact TnT was detected in samples
with long sarcomeres. These data indicate proteolysis
of TnT occurs to a greater extent in samples with lon-
ger sarcomeres, possibly due to easier access of proteas-
es to their targeted substrates. Degradation patterns
of TnT were qualitatively similar between myofibrils
and purified troponin after incubation with p-calpain.
Therefore, it is unlikely that the mechanism by which
proteolysis is limited in short sarcomeres involves an
actomyosin-mediated interference of Tn'T.
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INTRODUCTION

Both sarcomere shortening and postmortem proteoly-
sis have a direct effect on meat tenderness. Wheeler and
Koohmaraie (1994) reported that sarcomere shortening
is responsible for tenderness values early postmortem
(<24 h), whereas variations in proteolysis via the cal-
pain system are responsible for differences in tender-
ness during aging. Although both factors independently
affect meat tenderness, the specific influence of sarcom-
ere length (muscle shortening) on proteolysis remains
unclear. Evidence for a potential interaction between
sarcomere shortening and proteolysis is provided by nu-
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merous investigators reporting that cold-shortened beef
is resistant to aging (Davey et al., 1967; Davey and
Gilbert, 1976; Locker, 1982). Locker (1982) suggested
that tenderness of cold-shortened meat may be compro-
mised by the increased overlap of thick and thin fila-
ments, which inhibits protease access to intrasarcomeric
substrates. Conversely, several studies compared cold-
shortened to normal LM and concluded that sarcomere
length does not affect the extent of proteolysis (Jaime
et al., 1992; Wheeler and Koohmaraie, 1999). Using an
in vivo model with a wider range of sarcomere lengths
than had been tested in previous studies, Weaver et al.
(2008) determined that sarcomere length contributes
to differences in the extent of postmortem proteolysis
of troponin T (TnT) in excised beef semitendinosus
muscle. Weaver et al. (2008) hypothesized that sarcom-
ere length-related differences in proteolysis may be the
result of differences in substrate availability. To more
precisely test the hypothesis that sarcomere length in-
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fluences TnT proteolysis in myofibrils, an in vitro mod-
el system was utilized in the current study in which the
extent of TnT proteolysis was quantified in myofibrils
with divergent sarcomere lengths after incubation with
an excess of exogenous p-calpain. Furthermore, little is
known concerning the mechanism by which sarcomeric
structures, such as actomyosin bonds, influence access
of proteolytic enzymes to their substrates. Thus, a sec-
ondary objective of this study was to determine the
influence of rigor bonds on p-calpain-mediated prote-
olysis of troponin by comparing the degradation pat-
terns of myofibrils and purified troponin after in vitro
incubation with excess p-calpain.

MATERIALS AND METHODS

Two A-maturity market steers were harvested at the
Purdue University Meat Science, Teaching and Research
Laboratory under standard harvesting procedures.

Muscle Samples

The semitendinosus was removed from 1 side of each
carcass approximately 20 min postmortem. External
fat and connective tissue were removed. The superficial
portion of the semitendinosus was dissected parallel to
muscle fiber orientation into strips measuring ~0.5 cm
wide and ~10 cm in length. Two methods were uti-
lized to generate a range of sarcomere lengths: prerigor
muscle strips were either: 1) stretched between 110 and
160% of original length and restrained on wooden ap-
plicator sticks to generate long sarcomeres or 2) allowed
varied amounts of slack to generate short sarcomeres.
After attachment to wooden applicator sticks, cut or
frayed fibers were removed from the outer surface of
each strip to ensure development of uniform sarcomere
lengths. Samples were immersed in rigor buffer (RB;
sarcomere length) [75 mM KCl, 10 mM imidazole; pH
7.2, 2 mM MgCl,, 2 mM EGTA, and 1 mM NaNj, with
0.1 mM phenylmethylsulfonyl fluoride (PMSF) to in-
hibit endogenous proteolytic activity] and held at 4°C
overnight with stirring. Twenty-four hours postmortem,
samples were removed from applicator sticks, ends and
additional frayed fibers were removed from the sam-
ples, and myofibrils were prepared for sarcomere length
determination and in vitro digestion assays.

Muyofibril Preparation

Muscle strips were minced with a scalpel and 1-g
samples were homogenized in 5 mL of RB + PMSF for
two 10-s bursts using a Polytron homogenizer (Brink-
mann Instruments, New York, NY) at medium speed
(speed setting 6). An additional 5 mL of RB + PMSF
was added to the suspension. Samples were centrifuged
at 1,000 x g for 10 min at 4°C. The pellet was washed
and resuspended 2 more times. The final myofibril pel-
let was resuspended with 5 mL of RB + PMSF and
diluted to 50% with glycerol for storage at —20°C.
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Sarcomere Length Determination

Myofibrils were prepared for direct measurement of
sarcomere length using phase contrast microscopy as
described by Weaver et al. (2008). The average of 5 sar-
comeres was determined across 20 myofibrils per sample.
To fulfill our objective of studying proteolysis between
samples with divergent sarcomere lengths, samples rep-
resenting each treatment (stretched or shortened) were
selected from each animal based on quality of prepara-
tion and uniformity of sarcomere length. Samples with
increased abundance of fragments (<5 sarcomeres per
myofibril) or large bundles of myofibrils were excluded.
After sarcomere length determination on all samples
generated, specific samples, with different sarcomere
lengths, were selected for digestion with p-calpain,

p-Calpain Incubation of Myofibrils
and Purified Troponin

Isolated myofibrils of selected samples were washed
and digested according to Huff-Lonergan et al. (1996)
with modifications. Purified troponin from bovine sem-
itendinosus (kindly provided by Darl Swartz, Purdue
University) was also subjected to p-calpain-mediated
digestion. The purified troponin protein contained all 3
subunits of the protein (TnT, troponin I, and troponin
C). The purity of troponin was validated by SDS-
PAGE. Estimated molecular weights (MW) for TnT,
troponin I, and troponin C were 40.8, 23.6, and 20.3
kDa, respectively (data not shown). Protein concen-
tration was determined using the Biuret method and
samples were adjusted with reaction buffer (165 mM
KCl, 50 mM imidazole, pH 6.8) to 4 mg of protein/mL,
100 pM CaCl,, and 15 mM B-mercaptoethanol. The
digestion of the myofibril and troponin samples was ini-
tiated by the addition of p-calpain (calpain-1, porcine
erythrocyte, EC 3.4.22.17, Calbiochem, LaJolla, CA,
specific activity 120 units/mg of protein) in reaction
buffer at a ratio of 1:800 (wt/wt; enzyme:myofibrillar
protein). One unit is defined as the amount of enzyme
that will increase the absorbance at 750 nm by 1.0 in 30
min at 30°C. Using SDS-PAGE, the purity (>90%) and
composition of the p-calpain was found to be similar to
that of Lametsch et al. (2004). Samples were incubated
at room temperature and aliquots were removed from
each sample at 0, 2, 120, 1,440, and 2,880 min postin-
cubation. Control samples (0 min) were removed before
addition of protease. To account for residual endog-
enous protease activity, an aliquot of each sample was
incubated at room temperature for 2,880 min in reac-
tion buffer without the enzyme. One myofibril sample
was digested with p-calpain in the presence of 20 mM
EDTA to inhibit Ca*"-dependent proteolysis. To stop
the reaction, aliquots were removed and added to a
0.5 volume of sample buffer [3 mM EDTA, 3% wt/vol
SDS, 20% vol/vol glycerin, 0.003% wt/vol Pyronin Y
(Sigma-Aldrich, St. Louis, MO), 30mM Tris-HCl, pH
8.0] and a 0.1 volume of 3-mercaptoethanol resulting in
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a final protein concentration of ~2 mg/mL. Troponin
samples were further diluted to 0.2 mg/mL in sample
buffer. All samples were immediately denatured in a
water bath at 100°C for 5 min, cooled, and then stored
at —20°C until further analysis.

Gel Electrophoresis and Western Blotting

Denatured myofibril (10 pg) and purified troponin (1
pg) samples were loaded on 15% SDS-polyacrylamide
resolving gels with an acrylamide:bisacrylamide weight
ratio of 37.5:1 (Ready Gel, Tris-HCI gels, Bio-Rad Lab-
oratories, Hercules, CA). A broad range (200 kDa to
6.5 kDa) of biotinylated MW standard (1.2 pg/lane;
Bio-Rad Laboratories) was also loaded on each gel.
Gels were run on the Bio-Rad Criterion Cell system
(Bio-Rad Laboratories) at constant 200 V for 80 min at
4°C. Upper and lower chamber running buffer consisted
of 25 mM Tris, 192 mM glycine, 2 mM EDTA, and
0.1% wt/vol SDS. Gels were equilibrated for 30 min
at room temperature in transfer buffer (25 mM Tris,
192 mM glycine, and 15% vol/vol methanol) after elec-
trophoresis and transferred to polyvinylidene difluoride
membranes at 4°C using a Criterion blotter (Bio-Rad
Laboratories) at a constant 90 V for 45 min. Blots were
blocked overnight in blocking solution [PBS contain-
ing 1% vol/vol Tween 20 (PBST)] and 5% nonfat dry
milk at 4°C with agitation. The following Western blot-
ting procedures were completed at room temperature.
Blots were triple-washed in PBST for 10 min per wash
and incubated with a TnT monoclonal antibody (JLT-
12, Sigma-Aldrich, St. Louis, MO) diluted 1:30,000 in
PBST containing 0.1% wt/vol BSA (PBST-BSA) for
90 min. After incubation with primary antibody, blots
were triple-washed in PBST and then incubated for 60
min with a goat anti-mouse IgG secondary antibody
conjugated to horseradish peroxidase (Bio-Rad Labo-
ratories) diluted to 1:25,000 in PBST-BSA. Blots were
again washed 3 times in PBST and bands were detect-
ed using an Amplified Opti-4CN substrate kit (Bio-Rad
Laboratories) according to the manufacturer’s instruc-
tions. Immunoreactive bands were identified and images
were captured. Blots were then incubated in stripping
buffer (100 mM B-mercaptoethanol, 2% SDS wt/vol,
62.5 mM Tris-HCI, pH 6.8) for 30 min at 55°C. After
stripping, blots were washed 3 times in PBST, 10 min
per wash, and blocked overnight at 4°C in PBST with
5% mnonfat dry milk. Blots were then relabeled with
a monoclonal antiactin (5C5, Sigma-Aldrich) diluted
1:10,000 in PBST-BSA. Blots were washed, labeled
with secondary antibody, and bands were detected as
described above. Six blots were analyzed per treat-
ment. To account for potential blot-to-blot variations
in transfer efficiency, the same MW standards were run
on each blot as a reference lane. The TnT and actin
bands were identified and quantified using Kodak 1D
software, version 2.0 (Eastman Kodak, Rochester, NY).
Bands of TnT with MW of 41.7, 40.9, and 39.9 kDa
were considered to be intact TnT and the sum of their
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intensities was quantified. To account for slight lane-
to-lane variations in protein load, intact TnT bands
within a lane were quantified relative to the actin band
intensity within the same lane. The ratio of intact TnT
intensity to actin intensity was then normalized to con-
trol (0 min) samples. Bands of TnT with MW of 38.0,
36.8, 33.9, 32.5, and 30.2 kDa were considered to be
degradation products of TnT and were not included in
the quantitative analysis.

Statistical Analysis

The fixed effects of digestion time (0, 2, 120, 1,440,
and 2,880 min) and treatment (stretch vs. shortening)
and the random effect of animal on TnT degradation
were evaluated using the PROC MIXED procedure
(SAS Institute Inc., Cary, NC) with a repeated mea-
sures design. Treatment means were separated using a
least squares difference test.

RESULTS AND DISCUSSION

Myofibril samples with large differences in sarcom-
ere length were generated in this study using protocols
that controlled temperature declines and endogenous
protease activity. No differences (P = 0.20) in sarcom-
ere length were observed between animals. Sarcomere
length was greater (P < 0.0001) in stretched samples
compared with those allowed slack to shorten (2.99 +
0.03 pm vs. 2.12 + 0.03 pm, respectively, means + SE).
Micrographs of representative samples showing the dif-
ferent degrees of thick and thin filament overlap are
shown in Figure 1. The approximate length of the thick
filament is 1.5 pm (Page and Huxley, 1963; Bendall and
Voyle, 1967) and the thin filament is 1.3 pm (Ringkob
et al., 2004) in each bovine half-sarcomere; therefore, a
sarcomere length of 2.12 pm allows for maximal rigor
bond formation as the thin filament overlaps the entire
span of the thick filament. In longer sarcomeres (2.99
pm), the overlap region is only ~0.2 to 0.6 pm in each
half-sarcomere, resulting in substantially fewer rigor
bonds (Huxley, 1967).

Western blotting revealed similar TnT banding pat-
terns between samples with long and short sarcomeres
after digestion with p-calpain (Figure 2). This degrada-
tion pattern was also similar to excised semitendino-
sus samples aged up to 10 d postmortem (Weaver et
al., 2008). This result is consistent with other reports
showing that, in vitro, p-calpain has the ability to de-
grade myofibrillar proteins in a manner similar to that
observed with in vivo conditioning (Koohmaraie, 1988;
Huff-Lonergan et al., 1996). Five bands were detected
in 0 min (control) samples corresponding to MW of
41.7, 40.9, 39.9, 38.0, and 36.8 kDa. The first 3 bands,
which are likely intact TnT isoforms, are consistent
with those reported previously in whole muscle protein
extracts of semitendinosus (Weaver et al., 2008). Mu-
roya et al. (2006) also reported the presence of 3 bovine
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Figure 1. Representative micrographs of myofibrils with short (2.12 pm =+ 0.03, left) and long sarcomeres (2.99 pm =+ 0.03, right). Magnifica-

tion (1,000x). Bar = 2 pm.

fast Tn'T isoforms in beef LM. Estimated MW of intact
TnT isoforms are in agreement with others reporting
MW of ~40 kDa for the intact protein (Negishi et al.,
1996; Hughes et al., 2001). Little change was observed
in the 38.0-kDa band over time in either sample and
it is not clear if this band represents a degradation
product or a fourth intact TnT isoform. Therefore, this
band was not included during quantification of intact
TnT. After incubation with p-calpain for 60 min, both
stretched and shortened samples yielded 3 additional
bands with MW of 33.9, 32.5, and 30.2 kDa that ap-
peared to increase in intensity over time. The 33.9-kDa
fragment appeared as a minor band and was more ap-
parent in short samples. Ertbjerg et al. (1999) also
detected TnT degradation products corresponding to
MW of 32 and 30 kDa. Due to the nature of proteolytic
degradation and the specificity of the TnT antibody,
it is possible that some TnT fragments may be further
degraded or that some fragments may not even be de-
tected using immunoblotting. As a result, it is difficult
to definitively account for all of the degradation prod-

ucts of Tn'T. Therefore, only the disappearance of the
intact TnT bands was quantitatively analyzed and the
appearance of bands with MW of 38.0, 36.8, 33.9, 32.5,
and 30.2 was not quantified.

Interestingly, the greatest MW intact Tn'T band (MW
41.7 kDa) appeared to degrade more rapidly than the
2 smaller intact bands (MW 40.9 and 39.9 kDa, respec-
tively) in both treatments. The 41.7-kDa band remains
evident after incubation with p-calpain for 2,880 min in
samples with short sarcomeres; however, only traces are
apparent in long samples, suggesting that this isoform
may be more susceptible to degradation by p-calpain
in long sarcomeres. A multitude of TnT isoforms exist
that vary in size, AA sequence, and ultimately protein
structure (Perry, 1998). Because calpains primarily tar-
get substrates based on structure (Tompa et al., 2004),
it is possible that slight differences in the quaternary
structure of this isoform allow for easier access to cal-
pain cleavage sites, resulting in increased degradation
compared with the other 2 isoforms; however, further
studies are necessary to confirm this hypothesis.

Short Long
0 2 60 1440 2880 0 2 60 1440 2880
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Figure 2. Western blot, prepared from a 15% resolving gel transferred to a polyvinylidene difluoride membrane, of bovine semitendinosus
myofibrils digested with p-calpain at a ratio of 1:800 (wt/wt; enzyme:myofibrillar protein) for 0, 2, 60, 1,440, or 2,880 min at room temperature
in the presence of 100 pM CaCl, and 15 mM B-mercaptoethanol from samples with short and long sarcomeres. Blot labeled with monoclonal tro-
ponin T antibody (clone JLT-12, Sigma-Aldrich, St. Louis, MO) and relabeled with monoclonal actin (clone 5C5, Sigma-Aldrich). Arrows indicate

molecular weights of immunoreactive bands.
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Figure 3. Disappearance of intact troponin T (TnT; 41.7-, 40.9-, and 39.9-kDa bands representing TnT isoforms) in bovine myofibrils isolated
from bovine semitendinosus and digested with p-calpain for 2, 60, 1,440, or 2,880 min. Abundance of intact TnT for all incubation times is ex-
pressed relative to actin and the abundance of TnT at 0 min. Bars represent mean + SE. * “Bars bearing different letters differ (P < 0.05).

Differences in the degradation of intact TnT between
samples with long and short sarcomeres were quanti-
fied. The overall intensity of intact TnT was calculated
as the sum of the intensity of the bands representing the
3 TnT isoforms (41.7-, 40.9-, and 39.9-kDa bands). The
relative intensity of intact TnT decreased (P < 0.0001)
with incubation time (Figure 3) in both treatments. No
differences were observed in the abundance of intact
TnT between long and short samples at 2 or 60 min;
however, at 1,440 and 2,880 min, less (P < 0.05) intact
TnT was detected in samples with long sarcomeres.
These data indicate that proteolysis of TnT occurs to a
greater extent in samples with longer sarcomeres, pos-
sibly due to easier access of proteases to their targeted
substrates. The fact that no significant differences in
TnT degradation were observed until 1,440 min of in-
cubation with p-calpain suggests that there may be a
population of TnT molecules that is easily accessible
in both treatments and after this population is initially
degraded, access to remaining substrate is limited.

There are several possible explanations for differenc-
es in substrate accessibility between long and short sar-
comeres. It is important to note that samples with long
and short sarcomeres produced identical degradation
products and the same general degradation pattern.
These data suggest that potential calpain cleavage sites
are not completely blocked in short samples but rather
these sites may be hindered in short sarcomeres due to
steric hindrance from other proteins or the presence of
an actomyosin bond, or both. Calpains localize at the
Z-lines (Goll et al., 2003) and likely must diffuse some
distance to access potential substrates throughout the
entire span of the sarcomere. In short sarcomeres, the
thick filament and associated rigor bonds would be in
close proximity if not in direct contact with the Z-line.
Thus, the dense matrix created by intact rigor bonds
could inhibit the migration of calpains to substrates, in
turn slowing postmortem proteolysis but not inhibit-
ing the process. In the case of myofibrils with longer
sarcomeres, a greater portion of the thin filaments lo-

cated close to the Z-line would be free of interactions
with the thick filament, thus allowing easier access to
substrates in this region, such as TnT. Likewise, it is
possible that other proteins such as titin and nebulin
hinder substrate binding sites in shorter sarcomeres.
These extremely large structural proteins must change
their conformation when sarcomeres shorten. This in-
creased bunching of large proteins into small compart-
ments could potentially limit access to cleavage sites
on TnT.

To investigate further the hypothesis that thick and
thin filament overlap influences the ability of calpains
to access binding sites on TnT via the presence of rigor
bonds, purified troponin was digested with p-calpain.
In comparing the in vitro digestion of myofibril versus
purified troponin, it must be noted that differences in
enzyme:substrate ratios between these 2 model systems
may have influenced the data. Thus, only qualitative
differences between banding patterns could be assessed
between the myofibril and purified troponin digestions.
The same 5 bands were detected at 0 min in purified
troponin as those detected in myofibrils incubated with
p-calpain (Figure 4). Three degradation products with
MW of 33.9, 32.5, and 30.2 kDa were evident by 2 min,
whereas these bands were not detected in myofibril sam-
ples until 60 min. This result, not surprisingly, suggests
calpains accessed cleavage sites more readily in purified
troponin than those located in intact myofibrils. The
intensity of intact TnT isoforms (MW 41.7, 40.9, 39.9)
decreased over time, consistent with myofibril digestion.
The intensity of the immunoreactive 38.0-kDa band de-
creased with incubation time, whereas little change was
evident in the 36.8-kDa band. This result is in slight
contrast to myofibril digestion in which the 38.0-kDa
band shows little change over time, whereas the 36.8-
kDa band increases slightly with time. The 33.9-, 32.5-,
and 30.2-kDa degradation products increased in inten-
sity corresponding to the decrease in intact TnT. Given
that the degradation pattern of isolated Tn'T was simi-
lar to myofibrils incubated with p-calpain, it is unlikely
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Figure 4. Western blot, prepared from a 15% resolving gel transferred to a polyvinylidene difluoride membrane, of purified troponin from
bovine semitendinosus digested with p-calpain at a ratio of 1:800 (wt/wt; enzyme:protein) for 0, 2, 60, 1,440, or 2,880 min at room temperature in
the presence of 100 pM CaCl, and 15 mM (3-mercaptoethanol. Blot is labeled with a monoclonal troponin antibody (clone JLT-12, Sigma-Aldrich,
St. Louis, MO). Arrows indicate molecular weights (MW) of immunoreactive bands.

that the mechanism by which proteolysis is limited in
short sarcomeres involves an actomyosin-mediated in-
terference of TnT. However, the role actomyosin bonds
may play in slowing access to susceptible sites on TnT
remains to be determined.

In these experiments, it was important to account
for TnT proteolysis that occurred during the process
of protein isolation and TnT proteolysis that may have
occurred during the incubation period due to residual
proteases. Figure 2 shows that time 0 myofibril samples
contained only intact Tn'T and very little, if any, TnT
degradation products. Such data indicate that minimal
TnT proteolysis occurred during the process of isolat-
ing the myofibrils. Similarly, little TnT degradation
was observed in purified troponin samples at time 0
(Figure 4). To confirm that the in vitro degradation of
TnT was mediated primarily by exogenous p-calpain,
myofibrils were incubated with the protease in the pres-
ence of EDTA for 0, 2, 60, 1,440, or 2,880 min. West-
ern blotting revealed that the amount of intact TnT in
myofibrils incubated with p-calpain and EDTA did not
change from 0 to 2,880 min (Figure 5). These data doc-
ument that the proteolysis observed during incubation
was predominantly due to p-calpain. When myofibrils
and purified troponin were incubated at room tempera-
ture for 2,880 min without exogenous p-calpain, some

TnT degradation was still observed (Figures 6 and 7).
However, relative to samples incubated with exogenous
p-calpain, the ratio of the intact TnT to degradation
products was much greater in samples incubated with-
out exogenous p-calpain, suggesting that residual pro-
tease activity contributed minimally to the overall TnT
degradation. Therefore, the TnT degradation observed
in this experiment was considered to be primarily due
to exogenous p-calpain.

It is well established that proteolytic degradation of
muscle proteins is responsible for improved tenderness
after postmortem storage of meat. There is, however,
still debate regarding the exact enzyme or enzymes re-
sponsible for this proteolysis. Clearly, the calpain fam-
ily of proteases is responsible for much of the degrada-
tion that occurs. These highly abundant enzymes have
access to myofibrils, require no ATP for activation, and
have the ability to reproduce postmortem changes in
myofibrils in vitro (Koohmaraie, 1988; Huff-Lonergan
et al., 1996). However, other workers have reported
that lysosomal proteases (Calkins et al., 1987; Johnson
et al., 1990) and the cysteine protease family caspases
(Kemp et al., 2006) may also contribute to postmortem
tenderization; however, further evidence is needed to
confirm these reports. Therefore, differences observed
in this study between samples with and without added

1440 2880 MW
41.7

Ro— 40.9
= +—399

Figure 5. Western blot, prepared from a 15% resolving gel transferred to a polyvinylidene difluoride membrane, of bovine myofibrils digested
with p-calpain at a ratio of 1:800 (wt/wt; enzyme:myofibrillar protein) for 0, 2, 60, 1,440, or 2,880 min at room temperature in the presence of
100 pM CaCl, and 15 mM B-mercaptoethanol and 20 mM EDTA. Blot is labeled with a monoclonal troponin T antibody (clone JLT-12, Sigma-
Aldrich, St. Louis, MO). Arrows indicate molecular weights (MW) of immunoreactive bands.
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Figure 6. Western blot, prepared from a 15% resolving gel trans-
ferred to a polyvinylidene difluoride (PVDF) membrane, of bovine
myofibrils incubated for 2,880 min at room temperature with p-calpain
at a ratio of 1:800 (wt/wt; enzyme:myofibrillar protein; left lane) and
without exogenous p-calpain (right lane). Both were incubated in the
presence of 100 pM CaCl, and 15 mM 3-mercaptoethanol. Blot labeled
with a monoclonal PVDF (troponin T) antibody (clone JLT-12, Sig-
ma-Aldrich, St. Louis, MO). Arrows indicate molecular weights (MW)
of immunoreactive bands.

p-calpain could be the result of other endogenous pro-
tease systems that were not inhibited in this protocol.
Future studies comparing the degradation of TnT by
cathepsin and caspase enzymes will help determine if
this is a valid hypothesis.
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Figure 7. Western blot, prepared from a 15% resolving gel trans-
ferred to a polyvinylidene difluoride membrane, of purified troponin
samples incubated for 2,880 min at room temperature with p-calpain
at a ratio of 1:800 (wt/wt; enzyme:protein; left lane) and without
exogenous p-calpain (right lane). Both were incubated in the presence
of 100 pM CaCl, and 15 mM B-mercaptoethanol. Blot labeled with a
monoclonal troponin T antibody (clone JLT-12, Sigma-Aldrich, St.
Louis, MO). Arrows indicate molecular weights (MW) of immunoreac-
tive bands.

Weaver et al.

Implications

By generating myofibrils with large differences in
sarcomere length and controlling the influence of pro-
teases, we show that p-calpain-mediated proteolysis of
TnT occurs to a greater extent in samples with long
sarcomeres. This is consistent with the hypothesis that
proteolysis is hindered by increased overlap between
the thick and thin filaments, which inhibits protease
access to intrasarcomeric substrates. The mechanism
by which access to cleavage sites is hindered remains
unclear. These results suggest that the presence of rigor
bonds does not block calpain cleavage sites on TnT.
In the present study, ideal conditions were created for
p-calpain digestion in vitro. Future research simulating
postmortem conditions will provide additional insight
into the interaction between protein interactions and
proteolysis.
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